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Introduction
Physical processes associated with the ocean surface wave field are inherently broad-banded, in space as well as time. It is well known that short waves are modulated by long waves (e.g. Cox, 1958; Donelan et al., 2010; Hwang, 2008) and breaking (e.g. Branch and Jessup, 2007) , and that the wave growth at a given range of scales is affected by generation and dissipation at other scales (e.g. Kudryavtsev and Chapron, 2016) . Moreover, interactions of waves with off-shore structures, bathymetry and coastlines both statistically and in a phase-resolved sense are also highly scale dependent. Therefore, to assess all these processes it is essential to measure the entire distribution of the wave energy, from short to long scales, in space as well as time, and over a broad geographical area, particularly when studying the changes in the wave field as it responds to changes in environmental conditions (e.g. forcing, bathymetry, currents; Ardhuin et al., 2017) .
The vast majority of field measurements of sea surface waves is performed via single-point (1D) temporal observations from buoys (e.g. Holthuijsen, 2008) , which provide the omni-directional frequency wave spectrum, and spectral moments that can be related to spectral spreading and directionality . 2D spatial and 3D spatio-temporal measurements are typically somewhat more difficult to make, but great progress has been made in recent years with techniques like stereo imagery (e.g. Benetazzo et al., 2012 Benetazzo et al., , 2017 Gallego et al., 2011; Leckler et al., 2015) , X-band marine radar (e.g. Lund et al., 2014; Nieto Borge et al., 2004; Young et al., 1985) , polarimetric imaging (e.g. Zappa et al., 2008) , airborne scanning lidar (e.g. Hwang et al., 2000; Romero and Melville, 2010; Sutherland and Gascard, 2016) , and satellite-borne synthetic aperture radar (Collard et al., 2005; Hasselmann et al., 1985) . For measurements of wave breaking, video imagery (e.g Gemmrich et al., 2008; Kleiss and Melville, 2010; Schwendeman and Thomson, 2017) and IR imagery (Sutherland and Melville, 2013) have been used. Roughly, with exact scales depending on the configuration, polarimetry captures short gravity-capillary and gravity waves, stereo imaging captures short-to mid-size wavelengths, X-band radar and scanning lidar capture mid-length to long waves, and synthetic aperture radar captures long waves.
In this paper we focus our attention on two of those instruments, namely the stereo wave imaging and the X-band wave radar, which were operated simultaneously on an oceanographic research platform in the northern Adriatic Sea (Italy). The goal of the study is twofold. On the one hand, we compare the sea surface elevation distribution (including nonlinear parameters) and the directional spectrum to show how well the radar system reproduces the main features of the wave field. Previous studies have already assessed wave radar-derived integral wave parameters (e.g Izquierdo et al., 2004) and directional distribution (e.g. with comparison with model data; Lund et al., 2016) , but a comparison with stereo systems, which proved to provide accurate 3D wave fields, is still missing. On the other hand, we show that, using stereo data, the empirical radar Modulation Transfer Function (MTF) and scale factor needed to estimate wave parameters can be improved. This paper is organized as follows. Section 2 gives an overview of wave data and the environmental conditions at the time of their acquisition. The spatio-temporal wave fields and the directional distribution of the energy is analyzed in section 3. In the same section, stereo data are exploited to derive an ad-hoc MTF for wave radar data. In section 4 we draw conclusions of the study and provide an outlook for future use of the two instruments.
Data overview
In this study, we use a stereo wave imaging system (based on the Wave Acquisition Stereo System, WASS; Benetazzo, 2006; Bergamasco et al., 2017; Benetazzo et al., 2016) and an X-band marine wave radar (hereinafter WR; Ludeno et al., 2014; Serafino et al., 2012) to collect spatio-temporal fields of the sea surface elevation z, that is, z(x, y, t), where x ¼ (x, y) denotes the horizontal coordinate vector, and t the time. Instruments were installed on the Acqua Alta oceanographic research platform ( Fig. 1) where the local depth is 17 m). Stereo cameras were deployed on the northeast side of the platform, 2.5 m apart, and at 12.5 m height (Fig. 1) . The system relies on two synchronized digital cameras (with 2456 Â 2048 pixels and 3.45-μm square active elements) mounting 5-mm focal length distortion-less lenses. Image pairs were acquired at 12 Hz, and the sea surface region Ω S observed by WASS covers an area A S of about 3000 m 2 (Fig. 2) . Result of the stereo processing is a temporal sequence of 2D sea surface elevation fields, that we express for simplicity as z S ¼ z S (x, y, t), where (x, y) 2 Ω S . The mapping of z S on the horizontal mean sea plane was performed following the procedure proposed by Benetazzo (2006) , and scatter wave data were linearly interpolated on a spatial grid with uniform xy-resolution of 0.2 m. Further details of the stereo pipeline, the post-processing strategy, and the expected accuracy of the 3D reconstruction (about 3 cm for the specific configuration) can be found in the studies by Benetazzo et al. (2015) and Bergamasco et al. (2017) . The WR system ( Fig. 1 ) is based on a horizontally polarized CON-SILIUM X-band radar radiating a maximum power of 25 kW and equipped with a 2.74 m long antenna (range resolution of 7 m). The radar system is connected to a radar interface, which incorporates an Analogto-Digital converter for the received signal. The radar images are stored on a 1024 Â 1024 cells Cartesian grid. As is typical for conventional WRs, the measured backscatter intensities were not radiometrically calibrated. The radar field of view Ω R spans 270 and bounds a sea surface region with area A R ¼ 16 km 2 (range up to % 2620 m), which was sampled with a grid of 5.13-m uniform resolution on the horizontal xyplane. The antenna rotation period is 1.87 s. The backscatter data from the WR were analyzed with a wellestablished standard algorithm Young et al., 1985) based on sequential steps in the 3D spectral energy domain (k x , k y , f), where k ¼ (k x , k y ) is the wavenumber vector, and f is the frequency. After high-pass and band-pass filtering the backscatter in the 3D spectral domain and correcting for the sea current-induced Doppler effect (Huang et al., 2016; Senet et al., 2001; Serafino et al., 2010) , to account for the radar image formation nonlinear mechanisms, an empirical omni-directional MTF proportional to k 1.2 was applied to the variance of each sea clutter. In doing this, it is assumed negligible the variability of hydrodynamic modulation, tilt modulation and shadowing with the range and azimuth, as well as the effect on the phases of each spectral mode . Then, the record of non-scaled sea surface elevation z
, with (x, y) 2 Ω R , is recovered by inverting back from the wavenumber-frequency spectral to the spatio-temporal domain ( Fig. 2) .
At Acqua Alta, wave data were acquired with WASS and WR on 27 March 2014, starting both acquisitions at 09:10 UTC. WASS operated for 30 min, while the WR recorded backscatter data for about 240 s. The local wind and wave conditions were provided by in-situ reference instrumentation (a Nortek Acoustic Wave and Current profiler, AWAC, for waves, and a VT0705B SIAP anemometer for wind parameters), which gives the picture of a local northeasterly wind (mean direction of 56 N) blowing with a mean speed (at 17.5 m height) of 10.6 m/s.
Locally, wind generated waves were in a fetch-limited condition with total spectral significant wave height H m0 ¼ 1.38 m, peak period T p ¼ 4.9 s, and peak direction of wave propagation θ p ¼ 257 N. The sea current, measured by the same instrument AWAC, was almost uniform along the vertical direction (from the surface to the sea bottom), with a mean speed of 0.25 m/s and mean direction of propagation around 230 N. The wave condition was more complex than what synthetic spectral parameters can tell, as we observed early on 27 March 2014 surface winds rotating southeast about 300 km from the Acqua Alta platform at the scale of the Adriatic Sea basin (e.g. http://www.isac.cnr.it/dinamica/ projects/forecasts/moloch/). This meteorological pattern influences the wave energy directional distribution, as we shall show in next sections using WASS and WR measurements.
Analysis and results
In this section, we analyze 2D þ time wave data collected with the two instruments WASS and WR, pursuing the intercomparison of their performances in providing the directional and omni-directional distribution of the wave energy. A necessary condition for a meaningful analysis is that the elevation field is statistically homogeneous in space and stationary in the time interval considered (e.g. the duration of the record should be shorter than about 30 min; Holthuijsen, 2008) . The condition of homogeneity is generally fulfilled by stereo measurements that are able to observe a sea surface region with area~10 3 -10 4 m 2 . For the installation on the Acqua Alta platform, such a requirement is also met by the WR, as the local bathymetry is gently sloping and the instrumental range is relatively small compared to the scales of the local variability of the wave field (e.g. Benetazzo et al., 2013) .
Apart from the environmental variability, the WR's dependence on range and azimuth is a complex function of the radar backscatter from the sea surface (Lund et al., 2014) . Fig. 3 gives an example of this dependence showing, for each location of the xy-plane, the standard deviation σ of the time series of non-scaled sea surface elevations z * R (t). We observe that the power of the backscatter signal decays super-linearly with the range (Gommenginger et al., 2000) . However, since our purpose is not to investigate the dependence on range and azimuth of the WR strength of the surface wave signal, for the comparison between WASS and WR, we have selected a single analysis window (with area of 1031 Â 1031 m 2 , and shown as dashed black square in Fig. 3 ) in the high-energy near-range of the WR, within which, however, we still observe a variability of the local wave variance by a factor of from 2 to 3. This variability was well accounted for in the recent study by Qiu et al. (2017) , who proposed a range-and azimuth-dependent MTF, which, however, was not adopted in our study.
It is worth noting that the non-overlapping sea surface regions covered by WASS and the WR do not permit a wave-to-wave comparison of the observations, but only a phase-averaged assessment of the energy distribution and statistical properties, assuming, however, the analysis area of the two instruments representative of the same (in a statistical sense) sea state. This assumption will allow to obtain straightforwardly an approximation of the WR actual sea surface elevation z R ¼ z R (x, y, t), scaling z assessed γ ¼ 0.28. We note that, for WASS, the significant wave height estimated as H s ¼ 4σ{z S } ¼ 1.36 m agrees well (difference of 2 cm) with the value provided by the reference instrumentation.
Directional wave spectrum and nonlinear effects
The 3D variance density spectrum of the sea surface elevation field z(x, y, t) is interpreted as the distribution of the wave energy S over wavenumbers and frequencies, that is, S(k x , k y , f). The 3D wave spectrum is conventionally computed via discrete Fourier Transform (hereinafter FT) of the spatio-temporal record z(x, y, t). During wind-forced wave conditions, the 3D spectrum shows two characteristic modes (see Fig. 4 and, for example, Fig. 3 in Peureux et al., 2018) , associated with the variance of free and nonlinear bound waves (e.g. Janssen, 2009 ). In the kf -space, the distribution of free modes closely follows the dispersion relation for linear waves, even though a non-negligible contribution is given by nonlinear wave-wave interactions that redistribute energy among the free wave components. Although bound modes are less energetic than free modes (Longuet-Higgins, 1963) , the former have a fundamental role in shaping real waves, producing waves with high sharp crests and shallow rounded troughs (left panel of Fig. 5 ). The contribution of bound harmonics manifests in an excess kurtosis (m 4 -3) and non-zero skewness (m 3 ) of the distribution of sea surface elevation (Longuet-Higgins, 1963 ). These two parameters are estimated from each 3D field z ¼ z(x, y, t) using the following formulae:
where μ ¼ <z> and the angle brackets < > denote the ensemble average.
The standard procedure used to remove background noise from the WR backscatter data adopts a band-pass filter in the Fourier space around the linear dispersion relation for gravity waves. This operation preserves most of the energy of the sea state providing realistic wave spectra. The effect of the band-pass filter on the WR field z * R is visible in Fig. 5 (right  panel) . In fact, it is observed that the WR data distribution is symmetric around the mean value (the skewness coefficient m 3 % 0) and closely follows the Gaussian distribution (even though slightly more peaked, the kurtosis coefficient being m 4 ¼ 2.91 < 3). For WASS data, we verify an agreement between the empirical histogram and the nonlinear theoretical probability density function (GC4-WASS in Fig. 5 ; Longuet-Higgins, 1963 ) that accounts for the coefficients of skewness (m 3 ¼ 0.16) and kurtosis (m 4 ¼ 3.14).
Further, the 2D wavenumber spectrum S (k x , k y ) is obtained by integrating the 3D spectrum S (k x , k y , f) with respect to the frequencies as follows:
The spectrum S(k x , k y ) is related to the wavenumber/direction S(k, θ) spectrum in polar coordinates by the following relationship:
where J ¼ k is the Jacobian used to transform the spectrum from the Cartesian (k x , k y )-domain to the polar (k, θ)-domain. However, the discrete wavenumber-frequency FT is folded over a specific spectral range, which depends on the size and resolution of the spatio-temporal domain. As a consequence, typical stereo observations provide low directional resolution of the spectrum at frequencies smaller than about 0.2 Hz (e.g. Peureux et al., 2018) , which limits the overlap between stereo and radar data. To solve the problem, alternative decompositions for stereo observations, like stochastic methods (e.g. EMEP; Hashimoto et al., 1994) or the Wavelet Directional Method (Donelan et al., 1996) , can provide reliable directional spectra S(f, θ) and S(k, θ) over a wide range of wavenumbers and frequencies. The directional spectrum S(k, θ) and distribution D(θ) computed using WR data (via FT) and WASS data (via EMEP) are shown in Figs. 6 and 7, respectively. Spectra are consistent to show a bi-modal sea condition, with two distinct energy peaks. The dominant one is located at 250 N (WR) and 258 N (WASS), and the secondary one at 310 N (WR) and 320 N (WASS). The most energetic wave component (at k % 0.16 rad/m for both WR and WASS, consistent with the AWAC observation) was forced by the local northeasterly wind condition, while the least one (a swell with peak at k % 0.11 rad/m) was produced by southeasterly winds blowing in the far field (central Adriatic Sea). There is a small difference between directions of the peaks provided by the two instruments, and it is interesting that both WASS and WR well accomplish to detect the larger directional spreading expected for the wind waves compared to the swell (Forristall and Ewans, 1998) . We note that the two distributions D(θ), albeit highly correlated (the cross-correlation coefficient between the two series is 0.88), show an offset of 8 , which we attribute to a misalignment between the two instruments (after correction of the offset the cross-correlation coefficient is 0.91).
Omni-directional wavenumber spectrum
Since the radar image spectrum is converted to the wave spectrum with a MTF proportional to a power of the wavenumber k, it is convenient to compare the omni-directional wavenumber spectra S(k) computed using the WASS and WR wave fields. For WASS, two different S(k) are provided, the first one (WASS-EMEP) obtained integrating over all directions the EMEP-derived spectrum S(k, θ), and the second one (WASS-FT) computed via FT of the 3D stereo field z S within the analysis window shown in Fig. 2 . The latter, however, has a small spectral resolution (the minimum wavenumber is about 0.2 rad/m), and it is used here with the main purpose of assessing the output from EMEP. Results are presented in Fig. 8 , where the radar spectrum (WR-FT) is computed via FT of the 3D field z * R . Fig. 4 . 2D section of the 3D spectrum S(k x , k y , f) at given frequency f ¼ 0.809 Hz (the energy appears in the direction where it is coming from). The wave spectrum is computed via FT of the WASS wave field z S (x, y, t) and it is shown in the camera reference system. The black dashed line correspond to k* ¼ 0.83f 2 /g (Leckler et al., 2015) where g is the acceleration caused by the gravity force; k* separates the free modes (outside the line) from the positive interaction terms of bound modes (inside the line). Note that, in the k x k y -plane, the distribution of wave energies is apparently distorted by the presence of a sea current (the black solid line shows the trace of the linear dispersion relation in still waters), and the distribution of free modes is bimodal around the peak direction.
Albeit WASS and WR spectral domains have different sizes, omnidirectional spectra S(k) share a common range of wavenumbers and have interesting features that we describe in detail. As far as the WR is concerned, the high-pass filter of the image spectra results in a drop of energy level around k ¼ k inf ¼ 0.048 rad/m (which corresponds to filter out long wave components with length L greater than 131 m), while a change in the spectral slope is seen above k ¼ k sup ¼ 0.314 rad/m, corresponding to L ¼ 20 m, i.e. about four times the resolution (5.13 m) of the gridded radar data. We note that for WR-FT the energy decays, above the response peak, more rapidly than k
, that is the typical slope of the Kolmogorov-type energy cascade caused by the resonant four waveinteractions (Zakharov and Filonenko, 1967) , or of the model of the equilibrium range (Phillips, 1985) . The distortion of the high-wavenumber spectral slope for WRs was also observed by Ludeno et al. (2014) , who proposed an adjustment of the MTF by Nieto Borge et al. (2004) to provide more accurate estimations of the spectral shape. (left panel) WR wavenumber-direction spectrum obtained from S(k x , k y , f) integrating over all frequencies (we use flow direction of the wave energy). The energy is scaled to match the total variance of the stereo field z S . The wavenumber domain ranges from À0.6124 rad/m to 0.6124 rad/m with a resolution of 0.0061 rad/m. For graphical purposes, a smoothing is performed for each spectral element by averaging in a 5-by-5 neighborhood. (right panel) WASS spectrum S(k, θ) computed converting the EMEP spectrum S(f, θ) using the linear dispersion relation for gravity waves. The wave spectrum is resolved with 180 equally spaced directions to cover the full circle and 1024 equally distributed frequencies in the range from 0.05 to 2.00 Hz.
On the contrary, as it has been already proved in many studies (e.g. Benetazzo et al., 2012) , stereo observations correctly reproduce the slope in the equilibrium range up to wavenumbers around~10 rad/m (Peureux et al., 2018) , as it is confirmed by both WASS-FT and WASS-EMEP spectral shapes. Indeed, for WASS-EMEP, the significant wave height H m0,WASS (computed as four times the zero-th order moment of the spectrum) is 1.40 m, which well agrees with the observation from AWAC.
Hence, using WASS-EMEP as a reference, a least-square fitting (with the same procedure as in Nieto between WR-FT and WASS-EMEP in the range [k inf , k sup ] can provide the function (MTF w ) to be applied to the radar spectrum to reconcile with the stereo spectrum. For our specific case, we have estimated an MTF w ∝ k À2.5 that provides also the scaling of the energy of the WR spectrum, from which we obtain a calibrated estimation of the radar field. This can be verified by observing that, after applying MTF w , the WR significant wave height becomes H m0,WR ¼ 1.36 m.
Conclusions and outlook
In this study, we have made for the first time a comparison between directional and omni-directional spectra retrieved by two widely used oceanographic instruments that provide spatio-temporal wave data, that is, a marine radar and a stereo wave imaging system. Albeit able of observing partially overlapping portions of the wavenumber-frequency spectrum, the WR and WASS can be used to accurately establish the directional properties of the wave field, which we have verified are consistent between the two instruments. In general, while stereo methods proved to be more accurate in the reconstruction of 3D wave fields, the larger spatial coverage provided by the X-band radar allows a wider region of the sea surface to be explored.
Our analysis supports the conclusion that it is convenient to simultaneously operate the WR and the WASS, at least during the calibration stages of the WR. Indeed, as the WR linearized wave spectra and wave parameters exhibit a strong dependency on analysis window range and azimuth, an ad-hoc MTF and scale factor can be determined using WASS. Moreover, the fusion between the two instruments will lead to measurements of wave spectra covering ranges broader than those provided by each instrument, with the possibility to retrieve reliable wave energy levels from short (~1 m) to mid-length (~100 m) scales. The prospect for future investigations should include the comparison with wave buoys, with the main purpose of assessing the two-dimensional distribution of energy obtained by those instruments, which provide the vast majority of wave measurements across the world's oceans. Fig. 7 . Omni-wavenumber directional distribution D(θ) of the spectra S(k, θ) plotted in Fig. 6 . The two wave systems are labeled as "Wind" and "Swell". 
